Groundwater levels were offset in bedrock observation wells, measured by the U.S. Geological Survey or others, as far as 553 km from the M w 5.8 Mineral, Virginia (USA), earthquake on 23 August 2011. Water levels dropped as much as 0.47 m in 34 wells and rose as much as 0.15 m in 12 others. In some wells, which are as much as 213 m deep, the water levels recovered from these deviations in hours to days, but in others the water-level offset may have persisted. The groundwater-level offsets occurred in locations where the earthquake was at least weakly felt, and the maximum water-level excursion increased with felt intensity, independent of epicentral distance. Coseismic static strain from the earthquake was too small and localized to have contributed signifi cantly to the groundwater-level offsets. The relation with intensity is consistent with ground motion from seismic waves leading to the water-level offsets. Examination of the hydrographs indicates that short-period ground motion most likely affected the permeability of the bedrock aquifers monitored by the wells.
INTRODUCTION
The M w (moment magnitude) 5.8 Mineral, Virginia (USA), earthquake of 23 August 2011 offset groundwater levels in bedrock observation wells as far away as 553 km. The earthquakeinduced offsets are all unidirectional rises or drops (−0.47 m to +0.15 m) that persisted for hours, days, or longer. The large geographic extent of well-documented groundwater-level offsets is unprecedented for an earthquake of this moderate size.
We show that few, if any, of the observed groundwater-level offsets can be explained by coseismic static strain. Instead, the similar geographic distributions of the groundwater-level offsets and the intensities estimated from reports submitted to the U.S. Geological Survey "Did You Feel It?" (DYFI) website (http:// earthquake.usgs.gov/earthquakes/dyfi/events/se/082311a/us/ index.html; see Appendix 1) indicate that seismic ground motion changed aquifer properties at the well locations. Previous studies of groundwater-level offsets caused by seismic waves from earthquakes (Roeloffs, 1998; Brodsky et al., 2003; Roeloffs et al., 2003) focused on a single well, or group of several wells, that have repeatedly responded to distant earthquakes. These previous studies also identifi ed ground motion as the cause of changes to aquifer properties leading to water-level offsets, since these earthquakes could not impose enough static strain to account for these offsets.
Groundwater-Level Observations
The groundwater-level offsets, which were all too small to be noticed without instrumentation, were recorded by the U.S. Geological Survey and other agencies in 46 observation wells 15-213 m deep, equipped with transducers sampling at intervals of 60, 30, 15, or (in one well) 5 min ( Table 1 ). The resolution of the water-level measurements generally is 0.003 m. All of the groundwater-level data discussed here, as well as detailed information about each site, can be downloaded from publicly accessible U.S. Geological Survey websites (see Appendix).
All the wells are in consolidated bedrock; 26 are in aquifers consisting of sandstone, shale, or a combination of these and intermediate sedimentary rocks. Two are in metamorphic or igneous formations, and two are in brecciated rock. Four are in limestone or dolomite, which can dissolve to form complex conduit networks for rapid groundwater fl ow. We did not fi nd any relationship between aquifer lithology and the size or nature of the earthquake-induced water-level changes.
The M w 5.8 earthquake occurred on 23 August at 17:51:04 UTC (Coordinated Universal Time). All of the wells have a postearthquake water-level measurement 9 min after the origin time at 18:00 UTC. (The well sampled every 5 min has an additional measurement 4 min after the earthquake.) The groundwater-level offsets in 40 of the wells had begun by the time of the fi rst sampling following the earthquake. In the remaining six wells, 158-553 km from the epicenter, no water-level offset was recorded until the next sample after 18:00 UTC. S-waves reached the farthest wells that responded within 4 min, and at those locations signifi cant ground motion lasted <2 min.
No aftershocks were recorded in the 4 or 9 min between the M w 5.8 main shock and the fi rst postearthquake water-level measurements, implying that all of the groundwater-level offsets were initiated by deformation or seismic waves from the main shock. The largest aftershock was an M w 3.9 event on 25 August, 05:07 UTC; no measurable groundwater-level offset occurred in response to that, or any of the other M2 to M3 aftershocks that continued to occur through May 2013.
Of the 46 wells with distinct offsets, groundwater levels dropped in 34 and rose in 12 (Table 1) . Earthquake-related offsets were more rapid than other groundwater-level variations in the ~10 day period around the earthquake in which no changes were caused by rainfall. All but seven of the offsets were evident as of the fi rst sample following the earthquake, and all had clearly begun within 1 h after that. We most confi dently attribute the 36 pronounced offsets of 0.03 m or more to the earthquake, although seasonal and/or rainfall-induced water-level variations are large compared to the earthquake-induced change in every well. Smaller offsets in 10 of the wells started at most 1 h after the earthquake and were the most rapid changes within about a 10 day period, but were less distinct from background variations and closer to the resolution of the measurement.
There is no large-scale spatial pattern of rising versus falling water levels ( Fig. 1) , and the amplitudes of the groundwater-level offsets did not decrease monotonically with epicentral distance (Fig. 2 ). The largest water-level rises were 0.152 m in two wells: in Fauquier County, Virginia, 106 km north of the epicenter, and in Fulton County, Pennsylvania, 210 km north of the epicenter. The largest recorded water-level drop was −0.47 m at the Webster County, West Virginia, well, 238 km west-northwest of the epicenter.
Many of the well hydrographs resumed their pre-earthquake trends within a few hours or days after the earthquake. For the other wells, we cannot determine whether the groundwater-level drops were temporary or permanent. For example, in the Snyder County, Pennsylvania, well, 313 km north-northeast of the epicenter, the large groundwater-level rises caused by rainfall from May through November (Fig. 3A ) make it impossible to determine whether the much smaller water-level rise caused by the earthquake recovered. Nevertheless, the earthquake-induced change is quite distinct in data for the month of August 2011 (Fig. 3B) . Water level in the Snyder County well responds to Earth tides, implying that crustal strain can affect the water level. However, as we show in the following, permanent strain estimated from an elastic dislocation model of the rupture was too small to change water level measurably outside the area shown by the box in Figure 1 . Figure 2 shows that neither the sizes nor the signs of the water-level offsets appear to depend upon whether the well responds to Earth tides.
It is possible, although by no means certain, that the waterlevel offsets in the Juniata County, Pennsylvania, well, 275 km north-northeast of the epicenter, and in the Webster County well, may not have recovered as of June 2013. In both of those wells, the seasonal high water levels in early 2012 and early 2013 are lower than those in the previous 4 yr by about the same amount as the earthquake-induced water-level drops (Figs. 4A, 4B, 5A, and 5B). In the Juniata County well, the water level following the earthquake was lower than at any time since October 2007. In the Webster County well, water level continued to fall for a longer period of time (14 days) than in any of the other wells, contributing to the large net offset and possibly indicating a longer lasting change to aquifer properties. Although the duration of a water-level offset is of interest because it may help diagnose the cause, the available data are insuffi cient to estimate all of the durations accurately.
Water-Level Offsets and Ground Motion
Seismic waves are the only means by which the earthquake could have affected groundwater levels over such a broad region. The two letters in parentheses at the end of each location column entry give the abbreviation used for that site on the map in Figure 1 . § The "DYFI intensity" was obtained from the USGS "Did-you-feel it" website (see Appendix). Within a few tens of kilometers of the epicenter, coseismic static strain may have been large enough to affect groundwater levels, but if ground motion from seismic waves affects distant wells, its infl uence in the near fi eld also must be considered. The spatial distribution of groundwater-level changes resembles that of earthquake intensity ( Fig. 1 ), which can, in turn, be related to ground acceleration or velocity (Atkinson and Wald, 2007) . Like the locations that experienced intensity 5 or greater on the DYFI scale, the groundwater-level changes extend further northeast than southwest of the epicenter. The northeast fault strike and rupture directivity enhanced accelerations northeast of the epicenter, with critical body-wave refl ections from the Moho accounting for the largest accelerations observed further than 100 km to the northeast (Catchings et al., 2012) . To the southwest, the spatial distributions of intensities and affected wells both generally follow the trend of the Appalachian orogenic front, which may refl ect topographic amplification of ground motion. Figure 6 , a graph of the DYFI intensities assigned to each U.S. Postal Service ZIP code for which an online report was submitted, shows that the intensities generally decrease with distance, but that a range of intensities was experienced at all distances. All but three of the water-level offsets were in ZIP codes assigned DYFI intensity 3 or greater, although some intensity 5 reports were received throughout the distance range in which offsets were observed. Figure 7 is a graph showing the sizes of the water-level offsets versus the DYFI intensity for the nearest ZIP code. With one exception, the maximum absolute offsets increase with intensity for both rises and drops. The exception, in Webster County, is the well with the largest recorded water-level drop. It is also the well in which the water level continued to drop for the longest period of time (until 7 September 2011), and would plot within the range spanned by the other water-level offsets if only the change through 26 August were considered. The well nearest the epicenter, in Orange County, Virginia, experienced intensity 6. The waterlevel offset could be viewed as consistent with extrapolation of the largest offsets to this intensity, although it could also be viewed as enhanced by effects local to the near fi eld, such as strain, as discussed herein. Figure 7 shows only that the largest groundwater-level change at any intensity increases with intensity. The converse is not true, because at all intensities, a range of offsets occurred and some wells were unaffected. The relationship between the groundwater-level offsets and the intensity distribution implies that oscillatory ground motion, lasting at most a few minutes, caused groundwater levels in bedrock aquifers to offset and stay changed for up to two weeks. This in turn implies that the seismic waves affected these aquifers, for example by causing strain, and/or by changing permeability. Because the wells are in different aquifers and in different hydrogeologic settings, the water-level offsets would not be expected to be functions only of intensity.
Aquifer Properties and Water-Level Offsets
The relationships among aquifer properties and timevarying groundwater level can be described by the transient equation of groundwater fl ow (e.g., see Domenico and 
in which κ is permeability (dimensions of L 2 [L for length]), is fl uid density, g is acceleration due to gravity, µ is fl uid dynamic viscosity, and h is elevation of the water surface above a datum (also referred to as hydraulic head). A change Δh in water level represents a change in fl uid pressure of Δp = gΔh. S S is the specifi c storage (dimensions 1/L); x is distance in the direction of fl ow, and t is time. The specifi c storage can in turn be expressed as
where n is porosity, w is fl uid compressibility, and p is compressibility of the bulk aquifer. The properties in Equations 1 and 2 that could be affected by seismic waves are permeability, porosity, and/or aquifer compressibility. A porosity change large enough to signifi cantly affect groundwater level by acting on the specifi c storage would probably be detected because it would produce a very large direct change in water level. For example, if pre-earthquake porosity is 10%, a seismic-wave-induced increase to 11% represents aquifer strain of ~10 −2 . The specifi c storage would change by <1%. In contrast, hydraulic head in a confi ned aquifer is typically changed by volumetric strain with a ratio of 0.3 m/microstrain (1 microstrain = 10 −6 ; e.g., see Roeloffs, 1996) , so this modest porosity increase would drop water level by many tens of meters.
Damage such as breakage of grain contacts could increase aquifer compressibility, but these changes are likely very small. Elastic modulus changes would be refl ected in seismic-wave velocity changes, which have been estimated as being only a few percent in the immediate vicinity of faults recently ruptured by large earthquakes (e.g., see Peng and Ben Zion, 2006) . Like porosity, increases in aquifer compressibility would be too small to affect groundwater levels by increasing the specifi c storage.
Permeability increases with porosity, with especially large changes in low-permeability crystalline rocks, but also in openstructure sedimentary rocks such as sandstones (e.g., see Doyen, 1988) . Permeability is therefore expected to increase rapidly with volumetric strain. However, permeability can also be increased without accompanying deformation if seismic waves mobilize suspended material blocking pore channels or break weakly cemented grain contacts. Permeabilities of rocks range over many more orders of magnitude than porosity or compressibility, and therefore permeability is the most likely property in Equation 1 to have been affected enough by ground motion to change water levels measurably. However, Equation 1 shows that a permeability change can lead to a time-dependent water-level change only if there is a nonzero spatial hydraulic gradient.
The preceding discussion does not strictly apply to aquifers where water fl ows primarily in discrete conductive fractures. Of the wells in Table 1 , many are in crystalline rock aquifers that bear water in fractures, and fl ow in sedimentary aquifers may be dominated by bedding-plane fractures. Each discrete fracture has its own transmissivity, that is, the ability to transport a volume rate of water per unit pressure gradient, and may be hydraulically connected to a zone of distinct fl uid pressure (e.g., see Johnson et al., 2005) . In a well that intersects two or more such conductive fractures, the well water level will be a weighted average of the hydraulic heads in the fractures, weighted by the relative transmissivities of the fractures. If seismic shaking changes the relative transmissivities of the fractures, the well water level will also change. Such transmissivity changes could be promoted by cyclic movement of water into and out of the wellbore that dislodges particulate matter clogging the fractures; this effect could be very local to the wellbore and would not occur were the wellbore not present. We discuss herein the possibility that this mechanism, or another mechanism that depends on the existence of the wellbore, can account for the earthquake-induced groundwater-level changes.
Although the volume of pore space or fractures affects aquifer fl uid pressure directly, it is unlikely that the transient stresses accompanying seismic waves could result in enough residual strain to account for the entirety of the groundwater-level offsets. We describe herein calculations showing that even the permanent areal strain due to fault slip reached 10 −7 only within (at most) a 75 km radius of the epicenter. Moreover, the Mineral earthquake changed groundwater levels in wells that presumably have low strain sensitivity, because they do not respond to Earth tides (Table 1) .
PREVIOUS OBSERVATIONS AND STUDIES OF WATER-LEVEL OFFSETS CAUSED BY SEISMIC WAVES
Permeability changes caused by seismic waves have been hypothesized to be the reason that certain wells consistently exhibit sustained water-level offsets in response to earthquakes too small and/or distant to produce signifi cant aquifer deformation (Rojstaczer et al., 1995; Roeloffs, 1998; Brodsky et al., 2003; . Elkhoury et al. (2006) deduced that earthquakes repeatedly enhanced permeability near each of two wells in fractured granitic rocks, based on identifi cation and analysis of phase shifts in Earth tide-induced water-level fl uctuations, and found that the permeability increases were proportional to peak ground velocity.
The epicentral distance range over which the Mineral earthquake changed groundwater levels is comparable to that at which the wells in previous studies consistently respond. To investigate whether any of the wells in Table 1 have shown water-level offsets in response to large, distant earthquakes, we examined online data for the times of the three M > 8. Neither of these wells responded to the other M > 8.5 events. These wells are among the furthest wells at which the Mineral earthquake caused groundwater-level offsets. It is possible that, like the wells in the previously mentioned studies, these wells are unusually responsive to seismic waves.
Seismic shaking can increase permeability greatly in the near fi eld (approximately one rupture length from the fault), which has been demonstrated by abundant stream-discharge increases, accompanied by hilltop water-level drops, in the 1989 M w 6.9 Loma Prieta, California, earthquake (Rojstaczer and Wolf, 1992) ; the 1995 M w 6.9 Hyogo-ken Nanbu (Kobe, Japan) earthquake (Koizumi et al., 1996) ; the 1998 m b (body wave) 5.0 Pymatuning, Pennsylvania, earthquake (Fleeger et al., 1999) , and the 1999 M w 7.5 Chi-Chi, Taiwan, earthquake (Wang et al., 2004) . These phenomena occurred in hilly or mountainous terrain and the streams and springs that drained them, and, for the 3 M > six examples, within the distance ranges of landsliding and liquefaction. After the Loma Prieta and Pymatuning earthquakes, the hilltop water-level drops lasted for years, and may have been permanent. For all of these earthquakes, it is plausible that damage to water-bearing formations, caused by shaking, was the mechanism of permeability increase.
In their study of the 1998 Pymatuning earthquake, Fleeger et al. (1999) used numerical modeling to support their hypothesis that the water-level drops on the ridge top, water-level rises along the base of the ridge, and discharge increases in rivers draining the ridge could be explained by order-of-magnitude increases in the vertical permeability of shale confi ning beds as deep as 100 m below the ridge top. They attributed increased permeability to widening of preexisting fractures by seismic shaking, such as subvertical stress-relief fractures on ridge margins where lateral support is absent. The combination of topographic amplifi cation of ground motion with steep subsurface hydraulic gradients in the ridge appears to have led to large permeability increases that in turn caused large water-level drops.
Although increased permeability is consistent with most of the observations described in these studies, two sets of laboratory experiments measuring the effects on permeability of oscillatory stress and fl uid pressure found opposite directions of permeability change. Liu and Manga (2009) found that application of an oscillatory axial load under undrained conditions almost always decreased permeability of laboratory-fractured sandstone samples. Adding small amounts of silt to the sample resulted in larger permeability changes. The conclusion was that mobilization of loose material, either the added silt or particles left from the fracture process, could clog pores and reduce permeability. However, Elkhoury et al. (2011) applied fl uid pressure oscillations to laboratory-fractured sandstones under undrained conditions, and found that permeability invariably increased. Because the permeability gradually returned to the previous level, they argued for a reversible mechanism, again invoking mobilization of loose material in conductive pathways. Our observations of both positive and negative offsets in water levels may indicate decreased or increased permeability and are consistent with these laboratory experiments. However, the very large water-level offsets and discharge increases following the Loma Prieta, Kobe, Pymatuning, and Chi-Chi earthquakes indicate enhanced, not decreased, permeability. Wang and Chia (2008) noted that even if the effect of seismic waves on permeability is always to increase it, both groundwaterlevel rises and drops can be explained depending on whether the permeability increase enhances the connection to a location of higher or lower permeability. It has been observed that wells that consistently exhibit sustained water-level offsets in response to earthquakes consistently change in the same direction, regardless of earthquake focal mechanism or direction relative to the well (Roeloffs, 1998; Brodsky et al., 2003; Roeloffs et al., 2003) . Wang and Chia (2008) attributed that feature to each well's fi xed position along an established hydrologic fl ow path.
PERMEABILITY CHANGES AND HYDROLOGIC SETTING
Changing permeability can change groundwater level only where a pressure gradient exists. Topography typically controls pressure gradients. Precipitation infi ltrates at ridges and hilltops, where pressure gradients favor downward fl ow, while in valleys and creek beds, gradients favor upward fl ow and groundwater discharge. Therefore, beneath local topographic highs, enhanced permeability would be expected to speed subsurface fl ow toward discharge areas, causing water levels to drop. Wells in valleys could have increased pressures if enhanced permeability occurs upgradient, as observed following the 1998 Pymatuning earthquake (Fleeger et al., 1999) , but if permeability is increased between the well and a discharge area, a pressure drop accompanied by increased discharge could result. By this reasoning, enhanced permeability could cause a water-level drop in most wells, but could not cause a water-level increase in a well that is on top of a hill or ridge-top recharge area, because, absent active and constant recharge, there is no area of higher pressure to which it is connected.
To investigate whether enhanced permeability can explain the groundwater-level changes caused by the 2011 Mineral earthquake, we compared the directions of the groundwater-level changes with topography. Table 1 lists brief classifi cations of the topography around each wellhead; Appendix 1 explains how to access online topographic maps for all of the well locations. Of the 46 wells, 41 are in valleys or areas of low topographic relief, and water levels dropped in 36 of these. The fi ve wells on hillsides or ridge tops, however, all exhibited water-level drops of 0.09 m or more. The largest water-level drop occurred in a ridgetop well (Webster County), and the most distant water-level drop (Hyde Park, New York, 553 km from the epicenter) was also in a well on a narrow ridge. Of the 12 wells in which water levels rose, six are in very gentle terrain and six are in valleys. This relationship with topography is consistent with the direction of the water level change being determined by whether connection to higher or lower pressure is enhanced, and further suggests that ridge tops may be especially susceptible to seismic-waveenhanced permeability and subsequent water-level decreases.
If seismic ground motion enhances permeability, a further question is whether the enhancement occurs only near the monitoring well, or instead more broadly throughout an aquifer. Elkhoury et al. (2006) showed that the postearthquake phase shifts of Earth-tide-induced water-level fl uctuations could be explained by permeability enhancement limited to 200 m from each well. Evidence for permeability changes throughout an aquifer would be best obtained with two or more wells located in the same basin at different elevations along a groundwater fl ow path.
Hydrographs from a pair of wells 1.2 km apart in Bedford County, Virginia, 170 km southwest of the epicenter, suggest that a permeability change affected much of a hillslope aquifer (Figs. 8A, 8B). Well 372224079423601 is in the valley of South Fork Goose Creek at an elevation of 283 m and is open 15 m below the creek bed; the Mineral earthquake caused the water level to rise in this well. Well 372150079422301 is due south at 326 m elevation, and is open to the formation below the level of the creek; in this well the earthquake produced a water-level drop (Figs.  9A, 9B ). The earthquake-induced drop in the higher elevation well and smaller, slower rise in the valley well had both begun as of the measurement 9 minutes after the earthquake, consistent with increased permeability along all or parts of subsurface fl ow paths on both sides of the creek. The relationship between these two hydrographs is somewhat complex; for example, some rapid water-level rises in the higher elevation well are not refl ected in the valley well, possibly because the wells are on opposite sides of the creek. Moreover, the 23 August Mineral earthquake is not the only time when water level fell in the higher elevation well and rose in the valley well; for example, this situation also occurred 3-6 September 2011, although those unexplained groundwater-level changes occurred a few days apart (Fig. 9A) . Nevertheless, the responses of these two wells to the Mineral earthquake resemble a small-amplitude version of the dramatic effects of hillslope permeability increases observed for previous earthquakes (e.g., Fleeger et al., 1999) .
WHAT FREQUENCY OF GROUND MOTION CHANGED THE GROUNDWATER LEVELS?
Previous studies (Roeloffs, 1998; Brodsky et al., 2003; have shown that certain wells consistently exhibit sustained water-level changes in response to earthquakes thousands of kilometers away. Short-period accelerations for these events are negligible, suggesting that the changes are caused by surface waves with periods of 10 s or more. In at least one of the wells, however, water-level rises occurred in response to relatively close events smaller than M5 (Roeloffs, 1998) , indicating that shortperiod ground motion, the predominant effect of the Mineral earthquake, can affect aquifer properties. Coseismic groundwater-level increases in the upper 10 m of a densely instrumented alluvial fan within 30 km of the fault ruptured by the 1999 M w 7.5 Chi-Chi earthquake are consistent with causative ground motions having periods of 1 s or longer (Wang et al., 2003; Wong and Wang, 2007). The water-level offsets analyzed here, however, are in much deeper bedrock wells, include drops as well as rises, and occur over a much larger area. In the Christiansburg, Virginia, well (370812080261901), the Mineral earthquake imposed changes distinct from the seismic water-level oscillations that occur in this well in response to shallow M > 6 earthquakes worldwide. Seismic oscillations in wells have been attributed to aquifer pressure cycles caused by strain carried by surface waves with periods of 10 s or more (e.g., Brodsky et al., 2003) . Like the persistent offsets, only certain wells exhibit pronounced seismic oscillations, which require high strain sensitivity, high permeability, and resonant fl uid movement in the well casing. We found that two other wells in Table 1 The Christiansburg well hydrograph for May through October 2011 (Fig. 10A ) exhibits seismic oscillations in addition to water-level rises associated with rainfall. The well responds to Earth tides and atmospheric pressure, and these effects can be analyzed and removed in the period indicated in Figure 10A , a period relatively free of rainfall effects. Figure 10B shows the result of removing the tidal and atmospheric pressure effects, which makes the responses to the distant earthquakes quite evident. None of the responses to distant earthquakes have been followed by offsets of the groundwater level. Figure 11A earthquake of 27 February 2010, for comparison with vertical seismograms from broadband station BLA, 10 km north of the well (Fig. 11B ). For this distant earthquake, the LHZ seismogram recorded at one sample per second (sps) is essentially identical to the BHZ seismogram, recorded at 40 sps, demonstrating the lack of short-period shaking, as expected for an event so far away. Both seismograms contain large phases with periods of 10 s or more. In contrast, no seismic water-level oscillations were observed for the M w 5.8 Mineral earthquake in the Christiansburg well, or in any other well examined for this study. Oscillations in the other wells may have been missed because groundwater levels were sampled every 15, 30, or 60 min; however, the absence of oscillations more likely refl ects an absence of pronounced longperiod surface waves, which were not generated by the relatively small Mineral earthquake.
Instead, the Mineral earthquake caused groundwater-level offsets in the Christiansburg well (Fig. 12A) , as well as in the other two wells that had exhibited seismic oscillations in the past. Water level in the Christiansburg well continued to drop for 12 h, while the BLA seismograms show that signifi cant ground motion lasted <4 min. If the shaking had produced enough permanent aquifer strain to cause the water-level drop, these wells should have responded immediately, since seismic oscillations can only occur in wells with high permeability. Therefore, a permeability change in the aquifer, which could occur with little or no deformation, better explains the groundwater-level drops.
For the M w 5.8 Mineral earthquake, the BHZ velocity seismogram (40 sps) from Blacksburg is more than twice as large as the 1 sps LHZ seismogram (Fig. 12B) , indicating abundant shortperiod ground motion captured at the higher BHZ sampling rate, and neither seismogram shows any large phases with periods as long as 10 s. We conclude that aquifer properties at the Christiansburg well, most likely permeability, changed in response to short-period ground motion, and did not recover for at least 12 h after seismic shaking ended.
ROLE OF EARTHQUAKE EFFECTS LOCAL TO THE WELLBORE
Could the water-level changes refl ect action of the seismic waves on the wells, rather than on the aquifers? Accumulated material in the wellbore wall (a "wellbore skin"), or in fractures intersecting the well, can impede fl ow between the formation and the wellbore, causing wellbore water-level changes to differ from formation (or fracture) pressure.
By dislodging a wellbore skin, seismic shaking could allow the well water level to equilibrate with formation pressure. Removing a wellbore skin would change the water level in the direction needed to equilibrate with increasing or decreasing formation fl uid pressure, as observed for 31 of the wells in Table  1 . For example, in the Perrysburg, New York, well, water level was rising when the earthquake occurred. It cannot be ruled out that this groundwater-level change could refl ect the well water level equilibrating to formation pressure after seismic shaking dislodged small particles clogging the borehole wall. Lacking detailed characterization of the fractures that may be intersected by any of these wells, it is diffi cult to assess the possible role of near-wellbore fracture-transmissivity changes caused by cyclic movement of water into and out of the well. However, in the Christiansburg well, numerous earthquakes worldwide have repeatedly caused water to fl ow across the wellbore wall, but even very large oscillations (e.g., the 1 m oscillations from the M w 8.8 Chile earthquake in 2010) have not produced the persistent type of water-level offset caused by the Mineral earthquake.
The distance to which cyclic fl uid motion extends from the wellbore would be expected to be smaller for the short-period waves dominating the Mineral earthquake ground motion than for the longer duration surface waves from large distant earthquakes.
Mechanisms that affect only the immediate vicinity of a well would not be expected to show a relationship between the direction of groundwater-level offset and hydrologic setting. To some extent, the water-level offsets caused by the Mineral earthquake are consistent with topographic and hydrologic settings, suggesting that they extend beyond the immediate vicinities of the wells. In particular, the two Bedford County wells discussed here demonstrate an effect of hydrologic setting on the direction of water-level offset. Earthquake-induced groundwater-level changes reported in the literature have affected fl ow paths of 1 km or more (e.g., see Fleeger et al, 1999) . Earthquake-induced spring-discharge changes have also been widely reported (e.g., see Rojstaczer and Wolf, 1992 ). An important area for further research is the extent to which seismic waves affect not just well water levels, but also larger scale aquifer properties.
HOW DOES GROUND MOTION ACT ON PERMEABILITY?
No direct observations support any single mechanism by which seismic ground motion could enhance permeability, and no single mechanism necessarily operates at all locations. Some proposed mechanisms, such as freeing of gas bubbles or loosening of colloidal material, could take place with little or no aquifer deformation, would not reduce the strength of the aquifer rock, and could be temporary. Other mechanisms, such as breaking of fragile intergranular cementation, constitute damage that weakens the rocks, even with little or no deformation, and may be permanent. Buech et al. (2010) speculated that topographic amplifi cation of short-period seismic ground motion damages rocks composing bedrock hills, based on data from seismometers at different locations on a small hill in New Zealand. The hill is 210 m high, 500 m wide, and 800 m long; the topographic relief is comparable to that at most of the well locations discussed here, and it is composed predominantly of sandstone, as are many of the aquifers affected by the Mineral earthquake. Studying relatively weak ground motions (from earthquakes ranging from M1.8 at 10 km to M7.4 at 1500 km), Buech et al. (2010) found the highest amplifi cations consistently occurred on the hill crest and for horizontal motion at frequencies near 5 Hz. Although they did not measure rock damage, they noted that the greatest amplifi cation occurred near fi elds of broken bedrock. This study suggests that short-period weak motion may cause damage similar to, albeit less severe than, that caused by strong motion.
The idea that ground motion from the Mineral earthquake changed permeability by damaging rocks is consistent with the great extent of landslides and rockfalls induced by this event (Jibson and Harp, 2012) ; these occurred at maximum distances of 158 km to the northeast and northwest and 245 km to the southwest. Like the felt reports and groundwater-level offsets, the landslides and rockfalls occurred far beyond distance limits estimated from past earthquakes. It is reasonable to suppose that permeability changes from the Mineral earthquake extended beyond the limits of macroscopic ground failure.
The observed groundwater-level offsets require that seismic waves changed properties in bedrock aquifers at the depths of the wells (15-213 m), where peak ground velocities and accelerations are usually much lower than at the Earth's surface. Previous work has documented earthquake-induced aquifer-property changes at comparable depths. Bower and Heaton (1978, p. 338) investigated a groundwater-level offset in a well near Ottawa, Canada, caused by seismic waves from the 1964 Alaska earthquake, ~5200 km distant; they concluded that the groundwater level dropped due to volumetric expansion >10 −7 at depths below 200 m in the fractured limestone aquifer, expansion that would have had to last at least several days after the earthquake and must therefore have been "a nonlinear effect induced by strong ground motion." In and Elkhoury et al. (2006) it was concluded, on the basis of subtle changes in well response to Earth tides, that seismic waves changed bedrock aquifer permeabilities as deep as 211 m. At the time of the Mineral earthquake, water levels in many of the affected aquifers were within 10 m of the surface, corresponding to effective overburden pressures between 0.2 and 3.3 MPa. It is plausible that low effective overburden pressure contributes to a subsurface aquifer being vulnerable to seismic ground motion.
PERMANENT STRAIN (NEAR FIELD) OVERWHELMED BY GROUND MOTION
Fault slip permanently deforms the Earth's crust, applying static strain that can change subsurface fl uid pressure. Groundwater-level changes in wells that respond to Earth tides can be expressed as strain changes (e.g., Quilty and Roeloffs, 1997) , possibly measuring deformation caused by the 2011 M w 5.8 Mineral earthquake, for which no geodetic data exist. We have shown that the maximum groundwater-level offsets caused by the Mineral earthquake increased with seismic intensity, and that the offset in the Orange County well, closest to the epicenter, can be viewed as consistent with this trend. Nevertheless, the Orange County and Fauquier County water-level time series have features consistent with responses to coseismic static strain. Figure 13 shows about four weeks of data for the Fauquier County well, spanning the time of the Mineral earthquake. The water level in this well rose to its maximum earthquake-related excursion in 1 h and remained at that level with no indication of recovery until 6 September, when rainfall led to a rapid rise of 1 m. The Fauquier County well has a strain response of 0.68 m/microstrain, based on tide analysis (Table 2 ). The rapid rise to a sustained level is the expected response of a confi ned aquifer to an abruptly applied contractional strain step (e.g., Roeloffs, 1996) . Figure 14 shows ~10 days before and after the earthquake for the Orange County well, the closest to the epicenter (39 km), with the second-largest observed offset. This water-level drop recovers within 14 h, but apparently not all the way to the preearthquake trend. The Orange County well responds to atmospheric pressure, but does not exhibit a tidal response. This, in addition to the well's shallow depth (29.9 m), likely indicates that the well is poorly confi ned: aquifer pressure may change in response to strain, but strain-induced changes dissipate by equilibrating with the water table over a time scale no longer than the period of the semidiurnal tide. With this interpretation, only the part of the water-level drop that recovered would represent the well's response to coseismic strain.
Calculated Strain Field
We considered two possible distributions of areal strain at the Earth's surface from the M w 5.8 main shock (and possible afterslip), calculated using codes by Okada (1992) . These codes approximate the Earth as a uniform, isotropic, linearly elastic half-space. The pattern of expansion and contraction depends on the fault strike and dip, the direction of slip, and the depth range in which rupture occurred. For a given fault geometry, strain amplitude is proportional to the amount of slip. Beyond several rupture dimensions, the shape of the rupture surface becomes unimportant, and the strain amplitude is proportional to the product of fault area and slip. Because the fault slip imposes a specifi ed displacement, the strain amplitudes are independent of the elastic shear modulus. A Poisson's ratio of 0.25 was assumed; the calculated strain distribution does not change appreciably for Poisson's ratios in the range 0.17-0.27.
We used the fault geometry found by Chapman (2013) : a reverse fault striking N29°E and dipping 51° to the southeast, with rake 113°, i.e., a slight component of right-lateral motion. The rupture initiated at 8 ± 1 km. Chapman (2013) identifi ed three subevents in the main shock rupture, the total moment of which was 2.72 × 10 17 N·m. Our fi rst model (Figs. 15A, 15B ) presumes that the fault is a 2 × 2 km square with net slip corresponding to that seismic moment, and with the main shock hypocenter at the lower southwest corner (because early aftershocks were almost all shallower than 6 km). Figure 15B is a map of the areal strain distribution corresponding to this model. An alternative model (Figs. 16A, 16B ) accounts for possible afterslip following the main shock. Owing to the lack of nearby geodetic instruments, aseismic afterslip would not have been measured for the Mineral earthquake, but is not implausible given that aftershocks defi ned a dipping plane, aligned with the main shock rupture, extending upward to within 3 km of the surface, and along strike for 5 km from the main shock. Assuming that the amount of slip in the main shock extended throughout this area yields the strain distribution shown in Figure 16B , in which strains are about six times larger than those in Figure  15B . The strains in Figure 16B are likely an upper bound on strain in the 4 or 9 min between the main shock and the fi rst groundwater-level measurements.
Well Responses to Strain
In porous formations within consolidated bedrock, fl uid pressure is expected to decrease or increase in response to expansion or contraction of the formation, respectively, and to be unaffected by shear strain (e.g., Roeloffs, 1996) . Comparing the areal strains in Figures 15B and 16B with the groundwaterlevel changes shows that, at four of the six closest wells (Orange, Fauquier, Shenandoah, and Appomattox Counties), the sign of the calculated strain is consistent with the directions of the water-level offsets. However, although in locations subjected to contractional strain, the Cumberland County and Prince William County wells had water-level drops, which were probably caused by ground motion, supported in part because these two wells do not respond to Earth tides.
The Appomattox County, Fauquier County, and Shenandoah County wells respond to Earth tides. We used the Earth tide responses of these three wells to estimate coeffi cients relating water level to strain. Tidal analysis was done using the longest suitable data record (30-113 days) during the period from 1 May 2011 until just prior to the Mineral earthquake. In that time period, excursions caused by rainfall were much smaller than during the weeks following the earthquake. The wells also respond to atmospheric pressure changes. We corrected for that effect using barometer data downloaded from the National Oceanic and Atmospheric Administration (NOAA; see Appendix 1) for the nearest available locations (Table 2) . For each well, Table 2 gives the amplitudes of the M 2 Earth tide constituent in the groundwater-level data and in the theoretical areal strain tide, including the effects of the ocean load (Agnew, 1996 (Agnew, , 1997 . The coeffi cient relating water-level change to areal strain is the ratio of these two amplitudes. The values of 0.50 and 0.48 m/microstrain for the Fauquier County and Appomattox County wells are typical of those for rocks in which porosity does not have a preferred orientation; the value of 0.15 m/microstrain for Shenandoah County is at the low end of that range. Using these strain sensitivities to convert the observed groundwater-level changes to strain yields the strains that would be needed to produce the observed water-level changes.
Even the upper-bound strains shown in Figure 16B are an order of magnitude too small to account for the water-level changes in the Appomattox County, Fauquier County, and Shenandoah County wells. If, however, a strain sensitivity of 0.5 m/microstrain is assumed for the Orange County well, then the strain corresponding to the part of the groundwater-level drop that recovered (0.26 m) would be reduced to 0.13 microstrain, which agrees with the calculated strain shown in Figure 16B .
The effects of ground motion on the wells nearest the earthquake can account for all of the water-level changes observed in that area. Coseismic strain may account for part of the change observed in the Orange County well, but only if the amount of slip and fault area are much larger than the inferred main shock rupture plane. The Fauquier County well exhibited a water-level rise that resembles a response to strain and is consistent with its location in an area subjected to coseismic contraction, but calculated strains cannot account for the size of that water-level rise, even if substantial slip beyond the main shock fault plane is included. Although in other studies groundwater-level changes have been reconciled successfully with imposed static strain, the results shown here imply that the effects of ground motion must be considered in making such comparisons.
CONCLUSIONS AND FUTURE DIRECTIONS
The 2011 M w 5.8 Mineral earthquake resulted in water-level offsets in wells as far as 550 km away. The earthquake resulted in seismic intensities as great as 5 on the DYFI scale to within 550 km of the epicenter, and >6 within 200 km of the epicenter, as well as static strains that could have affected groundwater levels within at most 100 km of the epicenter. We attribute all or most of the groundwater-level offsets to ground motion, based on the resemblance of the spatial distribution of the offsets to the distribution of online reports assigned intensity 3 or greater. For this earthquake, the amplitudes of the largest groundwater-level offsets at any intensity increased monotonically with increasing intensity. In some wells, water level may have changed only because seismic waves dislodged material clogging the wellbore walls, or fl ushed particulate matter from fractures intersecting the wellbore. However, such mechanisms are unlikely to explain water-level offsets in wells that have shown oscillations, without offsets, in response to distant earthquakes, and does not explain the correlation of the direction of groundwater-level offsets with topography, observed in a pair of wells in Bedford County and to some extent in the complete set of groundwater-level offsets.
The wells are in consolidated bedrock and are too far from the epicenter for pore pressure to increase by undrained consolidation (Wang and Chia, 2008) . In the absence of any other mechanism for transient seismic shaking to directly change fl uid pressure, we conclude that the seismic waves affected aquifer properties. Because seismic-wave motion was signifi cant for only a few minutes, while the groundwater levels continued to change for at least an hour and as much as several months, we conclude that the effects of ground motion on these bedrock aquifers persisted much longer than the ground motion. In at least two wells, it is not certain that these changes have yet recovered. The most likely aquifer property to have been affected by the seismic waves is permeability. Increased permeability along some parts of hydrologic fl ow paths would cause well water levels to adjust more closely to the (higher or lower) ambient aquifer pressure to which a hydrologic connection had been enhanced. Support for this mechanism includes the occurrence of water-level rises only in valleys or areas of low topographic relief; the existence of a pair of wells for which water level in an upland well falls while that in a nearby valley well rises; and the location of the largest water-level drop in a setting with high topographic relief, which not only amplifi es seismic shaking, but also provides a steep hillslope pressure gradient. The Mineral earthquake groundwater-level offsets appear to have been caused by short-period ground acceleration, rather than by strains accompanying propagation of long-period surface waves. Seismic waves could have increased permeability temporarily by mobilizing fi ne loose particles, colloids, or gas bubbles blocking fl ow, or more permanently by damaging fragile grain-tograin contact. The aquifers that were affected are as deep as 213 m, where ground acceleration and velocity would be expected to be much lower than at the Earth's surface. We speculate that the pore pressure in the aquifers increases their vulnerability to damage by reducing the effective overburden stress, noting that only minor aquifer damage may be needed to affect permeability. Several of the water-level offsets are in wells that respond to Earth tides, and in two of the wells nearest the epicenter, the offsets have features consistent with being caused by earthquakeinduced strain. However, only in the nearest well can part of the change be reconciled with estimated strain, and then only if signifi cant afterslip followed the earthquake. If other wells responded to strain, these were inelastic strains caused by ground accelerations or dynamic stresses. The infl uence of ground motion should be taken into account when inferring strain from groundwater-level changes associated with earthquakes.
For the Mineral earthquake, the distribution of seismic ground motion is similar to the distribution of water-level offsets in aquifers in the upper few hundred meters of the crust. These ground-motion effects range from small water-level changes caused, in turn, by small changes of permeability, to very large water-level drops in hillslope aquifers. It is possible that the tendency of earthquakes to raise aquifer pressure in valleys may help promote liquefaction. The underlying mechanisms of permeability changes caused by seismic ground motion may be useful in understanding seismic wave attenuation, a parameter critical in estimating seismic hazard.
The possibility that seismic waves can affect permeability at greater depths, under conditions of low effective pressure, requires investigation. Evaluation of the effects of earthquakes on subsurface waste isolation may need to consider whether confi ning layers could be compromised by the passage of seismic waves. The possibility that seismic waves can damage grain contacts at depths where earthquakes nucleate, thereby reducing rock stiffness and strength, may help explain observed interactions between earthquakes. In areas of magmatic activity, increased vertical permeability could explain how seismic waves stimulate hydrothermal activity, perhaps even helping to clear pathways for hydrothermal explosions.
Additional fi eld and laboratory research is needed to identify the mechanisms by which seismic ground motion changes aquifer properties. In particular, deployment of an accelerometer and broadband seismometer at the Christiansburg well, and increasing the water-level sampling rate to 1 sps or faster would allow us to differentiate between the seismic wave phases responsible for water-level oscillations and those that lead to persistent water-level changes. Video inspection and fl owmeter logging of a subset of the affected wells could ascertain the distribution of heads in contributing fractures, helping to assess the role of nearwellbore fracture-transmissivity changes. Earthquake-induced aquifer-property changes are potentially of practical importance and warrant further, more quantitative, investigation.
APPENDIX. ONLINE WELL SITE INFORMATION AND GROUNDWATER-LEVEL DATA
Site maps for every well are available online at http://nwis . waterdata.usgs.gov/nwis/nwismap.
Enter the site number listed in the fi rst column of Table 1 and choose the "Show sites on a map" output format option. Topographic contours can be added as a layer to the map.
Groundwater-level data for every well can be obtained starting at the same website. Enter the site number from the fi rst column of Table 1 and choose the "Table of sites..." output option. On the next screen, click the site number, which will bring up a location map. At the top of the map is a blue bar labeled "Available data for this site." Change the selection from "Location Map" to "Time series: current/ historical observations." This brings up a page on which starting and ending times can be entered to obtain a graph of the data or a table for download.
Intensity data were obtained from the U.S. Geological Survey "Did You Feel It?" website for the Mineral earthquake (http:// earthquake .usgs.gov/earthquakes/dyfi /events/se/082311a/us/index.html).
Atmospheric pressure data were obtained from the National Oceanic and Atmospheric Administration (NOAA) Satellite and Information Service National Climatic Data Center website (http://www7.ncdc .noaa.gov/CDO/cdopoemain.cmd?datasetabbv=DS3505&countryabbv =&georegionabbv=&resolution=40; Hourly data -3505).
